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1. Introduction 
95 ,95 
The absolute s tandard iza t ion of the Z r / Nb isotopes 
is r a t h e r difficult due to the comparab le half - l ives of parent 
and daughter nuclei and due to the p r e sence of a smal l but 
not negligible fract ion of decays pass ing through an i s o m e r i c 
95 s ta te in Nb. Some aspec t s of the problem a r e d i scussed by 
l ì 2) 
PARKER ' and HISCOTT and ALLEN ; . In the p r e sen t r e p o r t 
the different s teps of the ca l ibra t ion p rocedure a r e desc r ibed 
in some deta i l . The m o s t essen t ia l pa r t s a r e the de terminat ion 
of the age of the radioac t ive solution and the de te rmina t ion of 
the total act ivi ty at any t ime . Pe r iphe r i ca l l y a d iscuss ion of 
the decay p rope r t i e s which enter the calculat ions is n e c e s s a r y 
as well as the definition of poss ible radioact ive impur i t i e s in 
the solution and the considera t ion of e r r o r s o u r c e s . If the re 
a r e d i s c r epanc i e s between r e s u l t s on cer ta in decay data obtained 
from e a r l i e r invest igat ions , a r ede te rmina t ion of those doubtful 
data ought to be envisaged before s ta r t ing any s tandardizat ion. 
2. The 9 5 Z r / 9 5 N b Decay Scheme 
95 /95 The decay p rope r t i e s of the Z r / Nb pair have been 
invest igated very often, indicating the impor tance of the nuclides 
in e . g . the study of r eac to r technology, fal l-out and health 
phys ics . A r a t h e r complete l is t ing of r e fe rences on the decay 
3, 4) p rope r t i e s may be found e l sewhere . The decay p roper t i e s 
enter ing the calculat ions a r e r e p r e s e n t e d in F ig . 1. The 
given values a r e extracted from the avai lable exper imenta l 
95 
r e s u l t s . F o r the level feedings in Nb by (3 -decay 
— 6 
only the m o s t r ecen t and accura t e values ' ' have been 
95 cons idered . The β ­ t r ans i t i ons to the ground s ta te of Nb 
95 as well as Mo seem to be not ve ry well es tabl ished, but 
8, 9) a r e very weak and have no r e m a r k a b l e influence on the 
accuracy of the s tandard iza t ion . The values for the m o s t 
intense β ­branchings have been verif ied by own m e a s u r e m e n t s 
as desc r ibed in sect ion 6. Publ ished values for the γ ­ r a y 
n e a s 
4, 11, 12) 
L 4, 6, 10) energ ies a r e in ve ry good a g r e e m e n t , Recent m u r e ­
ments on the in te rna l convers ion a r e r a the r consis tent 
F o r the K­she l l in te rna l convers ion coefficient of the 234.7 keV 
95m 11) 
γ ­ r a y of Nb the r e su l t given by FOIN et a l . and for 
those of the other γ ­ r a y s the accu ra t e values published by 
4) BRAHMAVAR and HAMILTON ' have been taken. It may be 
pointed to the fact that especia l ly the values for the half­ l ives 
a r e different from those taken in earl : 
this paper the following half­ l ives a n 
i e r cal ibrat ion work. In 95 a r e used: T^ ¡A Z r ) = 
(64. 10+0. 04)d 1 3 ) , T. 7_(9 5Nb) = (35. 15+0. 06)d 1 4 ' and 
Q-r 1 / 2 -ι ι \ 
T. /_ r Nb) = (86.6+0.8jh ' . The e r r o r quoted 
1 "14) 95 
by REYNOLDS et a l . ' on the half­l ife of 7 Nb was 0 .08%. 
Due to the r a the r shor t observat ion t ime it has been decided 
to en la rge the e r r o r as mentioned above. The half­ l ives of 
95 95 
7 Zr and Nb ; 
(see section 6 ). 
a lso have been checked by own m e a s u r e m e n t s 
3. Growth and Decay Theory 
95m At t ime t (origin) no Nb (subscr ip t C) and no 
95 " Nb (subscr ip t B) shal] be p resen t and only the activity 
95 of Zr (subscr ipt A) may exist (l_ (t ) = 1.(0)). Then 
Zr o A 
let be at any t ime t 
95 I (t) = I = activity of Zr 
Q C — , 
I (t) = I = activity of Nb 
C C 95 95 · 
I . (t)= I = activity of Nb from Zr d i rec t ly 
— 7 
5/2* 
95_ 
¿ 0 ^ 5 5 ^ n * 0.757 0.724 
0.235 
ß 5 _ 7 / 2 + 0.766 
Ys 
¿2 M o 53 
1/2­
9 5 „ o C Z r 
Q C
7 J N b 
9 5 m N b 
Ρ ­ t r a n s i t i o n 
s? 
P 3 h 
γ ­ r a y s E Y 
[ k e V ] 
(64. 10+0. 04)d 
(35 . 15+0. 06)d 
( 8 6 . 6 + 0 . 8 ) h 
Ε (β) [ k e V ] m a x r 
1 1 2 2 . 3 + 3 . 9 
8 8 7 . 6 + 4 . 0 
3 9 8 . 1 + 3 . 9 
3 6 5 . 6 + 3 . 9 
9 2 4 . 8 + 0 . 7 
1 5 9 . 0 + 0 . 7 
a K t l O ­ 3 ] 
P(B) £%] 
0 . 4 
1 . 4 + 0 . 2 
4 4 . 3 + 0 . 5 
5 3 . 9 + 0 . 6 
0 . 0 8 
9 9 . 9 2 
­ 3 , 5) α [10 ] 
234.70+0.14 
724.23+0.04 
756.74+0.04 
765.83+0.04 
( 2 . 3 5 + 0 . 2 0 ) · 
1 . 5 6 + 0 . 1 4 
1 . 4 5 + 0 . 1 5 
1 . 3 2 + 0 . 1 3 
10" 2 . 8 4 · 
1.61 
1.45 
1.43 
10" 
F i g . 1: D e c a y s c h e m e and s o m e e v a l u a t e d d e c a y da ta in the 
d e c a y of 9 5 Z r ­ 9 5 N b ­ 9 5 M o . T j / 2 = h a l f l i f e ; E m a x ( P ) = 
m a x i m u m P " e n e r g y ; p(ß) = $ " t r a n s i t i o n p r o b a b i l i t y ; 
E = Y ­ r a y e n e r g y ; nK, a = K ­ s h e l l and to t a l i n t e r n a l 
c o n v e r s i o n coef f ic ien t , r e s p e c t i v e l y . 
9 5 95 9 5m 
L ­ ­ ( t ) = I__ = a c t i v i t y of 7 N b f r o m 7 Z r v ia 7 N b 
D ¿ ÖL· 
I B 1 ( t ) + I B 2 ( t ) = I B ( t ) = I B = a c t i v i t y of 9 5 N b . 
λ­Λ > ^ » "^ a r e the d e c a y c o n s t a n t s (T / = 1η2/λ) of Z r , A B C 1 / 2 
9 ^ N b and 95mj<fb, r e s p e c t i v e l y . U s i n g th i s t e r m i n o l o g y the 
fo l lowing e x p r e s s i o n s for the a c t i v i t i e s and t h e i r r a t i o s can 
95 be o b t a i n e d . The Z r a c t i v i t y i s -v 
I A = I A ( 0 ) e A . (1) 
hen ρ (=ρ(β )of F i g . l ) i s the f r e q u e n c y of d i s i n t e g r a t i o n s of W 
95 x 95 
Z r t h r o u g h the i s o m e r i c s t a t e a t 0 . 2 3 5 MeV in Nb , the 
. . , 95m__, . 
a c t i v i t y of N b i s g iven by 
C 
ρλ ­λ t ­λ t 
V») r-%- {e A - e } (2) 
: c = Ά* 0 ' e τζτ~ \1 -e ; , (3) 
C* -A. 
95m 95 
and the r a t i o of the N b and Z r a c t i v i t i e s i s 
e . i S L . ^ t , . . - ^ - ^ . (4) 
95 
T h e a c t i v i t y of N b p r o d u c e d by the d e c a y of the i s o m e r i c 
95ni _, . s t a t e N b i s g iven by 
, ,M PXCXB I _ J , " V " V , 1 . " V - λ Β\1 . . . 
9 — 
95 95 
In all other c a s e s , ( l - p ) , Z r decays d i rec t ly into Nb. 
Its cor responding act ivi ty i s given by 
, τ ,M (1'P)XB f " V V i 
TBi = I A ( 0 ) λ_.χ. I e - e ; Β A 
λ Α ί ( ι - Ρ ) λ η , - ( λ Β - λ Α Η 
W A « » ' A "ï^f i1 } 
(6) 
(7) 
95 The total Nb act ivi ty is then 
! B = ! B1 + ΓΒ2 
'* ­ ^ L V ^ A ( ' " e >+<λΒ­λΑ»(λ0­λΑ><6 "" ' 
P Vc 'WW 
­λ t ­λ t _, (e C - e B ) 1 (8) 
'B = 'A'0» {(1­P) + X T , - X A 
Β A C A 
}< Α Β \ ­ e r 
P Vc '^ WW 
­λ t 4 t . t C B , 1 (e ­ e ) (9) 
Combining eqs . ( l ) , (3), (4) and (9) the total a c t i v i t y , ! is obtained as 
'T = :A+IB+IC ' V 1 + s> + 'B 
IT = IA(0) [ ( l + s ) e " V + A ­ { (1­P) *Γ$~} ( 
Β Α C A 
- λ . ί - λ „ ί Α Β ν e - e ) 
p Vc -λ t -λ t C B 
'<VXC)(VXA> 
)] · (10) 
10 
Us ing the fo l lowing s u b s t i t u t e s : F = ρλ /(λ ­X/vh 
G : X n | ( l ­ p ) + F Ì / ( λ Ώ - λ Δ ) and Η = λ β · F / ( X R - λ^ ) e q . (10) ' B u " r ' " ' ' V 'B ' A 
can be s i m p l i f i e d to 
Β 
-λ t -λ t -λ t 
Ι τ = Ι Α ( 0 ) | (1+F+G) e Α - (G-H) e Β - ( F + H ) e ] (n) 
B y c o m b i n a t i o n of the a d e q u a t e e q u a t i o n s the fo l lowing s u i t a b l e 
a c t i v i t y r a t i o s can be o b t a i n e d 
R _ I A "V 
4 t -λ t -λ t 
G e Α - (G-H) e Β - He C ] (12) 
:c F 
*A "V L 
e 
" V -XCt 
e - e 
V 
] 
u 
χτ "V ^ B ' ' V 
( 1 + F + G ) e - (G-Η) e B - (F+H) e C 
λ t -λ t -λ t 
_B_ _ Ge A - (G-Η) e B - H e C 
i T - x . t -λ t -λ t 
T ( l+F+G) e A - (G-Η) e - (F+H) e C 
(13) 
(14) 
(15) 
V 
F (e i_S L 
L· " - λ - t -λ t -λ t 
T (1+F+G) e A - (G-Η) e B - (F+H) e C 
(16) 
The e q s . (1), (3), (9), (11), (12), (13), (14), (15) 
and (16) have b e e n ca lcu la t ed a s a funct ion of t u s i n g the c o n s t a n t s 
a s m e n t i o n e d in F i g . 1 and n o r m a l i z i n g to 1 . (0) = 1. The r e s u l t s 
a r e shown in F i g . 2 . The n u m b e r s i n d i c a t e d a t the c u r v e s c o r r e s p o n d 
to t h o s e of the e q u a t i o n s in the t e x t . 
— 11 
95 F i g . 2 : A c t i v i t i e s I and the i r r a t i o s in the decay of Z r a s funct ion of t ime 
t. S u b s c r i p t s : A = 9 5 Z r , B = 9 5 N b , 0 9 5 m N b , Τ = t o t a l . O r i g i n a l 9 5 Z r 
a c t i v i t y a t t=0 has been n o r m a l i z e d : I . ( 0 ) = 1 . 
O r d i n a t « Y: IA (1) I„, (11) Τ = Ι Δ / Ι τ <14) 
U = C / I Ì . (15) 
(16) 
I A (3) 
lB ( 9 ) 
R = l r / I ^ (12) 
S ^ / I A ( 1 3 ) 
— 12 
4. Theore t ica l F o r m a l i s m for Standardizat ion 
On the bas i s of the decay scheme (Fig. l ) and the 
equations der ived in the preceeding sect ion a genera l fo rma l i sm 
for the p rocedure of ca l ibra t ion can be deduced. It comprehends 
95 /95 the descr ip t ion of the age de te rmina t ion for any Z r / Nb 
m i x t u r e resu l t ing in a date of o r ig in ( t , the apparen t date of 
95 ° 
Zr isolation) and the descr ip t ion of the de te rmina t ion of the 
95 95 
Zr act ivi ty at this ini t ia l da te . All other ac t iv i t ies of Zr 
95 and Nb and the i r m i x t u r e s at any t ime t can then be calculated 
by applying the growth and decay theory . 
4 . 1 . Age Determinat ion 
F o r any t ime t > 20 d it can be a s s u m e d that 
95m 95 
Nb is in a t r ans i en t equi l ibr ium with Z r . Then eq. (12) 
may be simplified to 
- (λ„ -λ Α ) ί 
R 1-me B A ] (17) 
where 
( X C - V ( X C - ( 1 - P ) X B ) 
m = 
(x c -y(x c - ( i -pH A ) 
There a r e different p rocedures for the age de te rmina t ion of a 
95 /95 95 
Z r / Nb solution. Two of them a r e suitable when the Zr and 
95 
Nb act ivi t ies can not be t rea ted separa te ly . Then the ra t io of 
a pair of total ac t iv i t ies m e a s u r e d at two different t imes t and 
t will be used. The third way of proceeding p r e s u m e s the 
95 95 
separa t ion of the Zr and Nb ac t iv i t i es . It i s based on the 
knowledge of the ra t io R (see eq. (12)). However, by using such 
— 13 
act ivi ty ra t ios it can be achieved that the unknown ini t ia l 
95 act ivi ty of Zr , I . (0), will be e l iminated. F u r t h e r m o r e the 
exper imenta l r e s u l t s can d i rec t ly be fitted to an appropr i a t e 
explici t express ion from the preced ing sect ion. 
4. 1. 1. Total Act ivi ty Rat io 
The f i r s t r a t h e r s imple p rocedure is to a s s u m e a t ime 
t as r e f e rence t ime for any ca l ibra t ion . F o r any t ime t = t +T, R. R 
where T may be posi t iv or negativ eq. (17) can be rewr i t t en 
f - ( W (tR+T)\ 
R = G { 1 - m e B K } , or (18) 
(K-KK -(λη-λΑ)τ 
R = G λ 1 - m e i i
 B A R B A X fio \ 
| 1 - m e e f . (18a) 
Fo r any s tandardiza t ion r e f e r r i ng to the same re fe rence t ime, 
- ( λ „ - λ Δ ) τ 
t_,, follows R 
{ l - Κ e B A } , (19) R = G ] 1 - K  
with the constant express ion 
-(λ -λ )t 
Κ = m e B A R . (20) 
When t is taken as init ial date for T, the activity ra t io can be Κ. 
wri t ten R ( T ) = I D ( T ) / I . ( T ) . Using this re la t ion in eq. (19) gives 
f - ( λ Β " λ Α ) Τ Χ 
IB(T) = I A ( T ) G { I - K e Β } . (21) 
— 14 — 
95 95 
Assuming that the Nb and Zr events can not be separated, 
then always Ι (τ) = ΙΔ(Ό + I-D(T) will be measured. The total 
activity at Τ is (with eq. (21)) 
ΙΤ(Τ) = ΙΑ(Τ) + ΙΑ(Τ) G { 1 - Κ e Β } . (22) 
-λ Τ 
Writing ΙΑ(τ) = IA(tR) e , where Ι Α ( ^ ) is the 9 5 Zr 
activity at reference time t , gives 
R 
f ~ ^ A T "k-R'1"'! 
ΙΤ(Τ) = IA(tR) { (1+G) e A - G K e B } . (23) 
In order to eliminate the unknown Zr activity, I (t ), 
A R 
the measurements have to be performed at two different times 
(T I and T2): 
l4\) = h = IA(tR) {(1+G) e A T I - G K e B 1 } (24) 
l4\) = h = lA{tB){{^G)e A 2 " G K e B 2 } ; (25) 
from the combination of eqs. (24) and (25) follows 
- λ T -X-o T i 
- i - - E (1+G) e A 1 - G K e B 1 
I " 12 ~ -λ Τ -λ Τ ( 2 6 > 
2 (1+G) e Α 2 - G K e Β 2 
The Ι. (t ) which is unknown, but unequal zero, cancels, T., T_, A R 1 2 
I and I are experimental data and G, λ . , λ are constant 1 Δ Α. Β 
values determined by decay properties. Thus the unknown quantity 
Κ can be determined as 
(1+G) \ e - E e \ 
κ- G , -ν, : *Λ ■ (27) 
G (e - E 1 2 e 
— 15 — 
The constant K contains the r e f e r ence t ime t , the t ime elapsed 
R 
s ince the o.rigin date t . F r o m eq. (20) follows 
V = λτττ ln 1 " · (28) 
Jj A. 
The second m o r e complicated method depar t s from the 
total act ivi ty at a t ime t (see eq. (11)). In addition the total 
act ivi ty at a l a t e r t ime t+Ät is used: 
­λ (t+Ät) ­λ (t+Ät) ­λ (t+Ät)_ 
IT(t+At) = IA(0) |_(l+F+G)e ­ (G­H)e B ­ (F+H)e C J ­ (29) 
Eq. (29) will be combined with eq. ( l l ) in o rde r to form the 
rat io D = I (t) / I (t+Ät). With a 
[ I T ( t+At) j^ the ra t io D becomes 
T ( t ) A t rans fo rmat ion of I (t) into 
Mt+At)] 
D = IT(t+At) (3°) 
with 
χ ­λ (t+Ät) ­λ (t+Ät) ­λ (t+Ät) 
I T ( t+Ät) | = IA(0) [a ( l+F+G)e ­b(G­H)e a ­c(F+H)e ^ J, (31) 
­λ At λ At λ At 
where a = e , b = e and c = e . Ar ranging eq. (30) 
under considera t ion of eqs . (29) and (31) the following express ion 
for D is obtained 
­λ (t+Ät) ­λ (t+Ät) ­λ (t+Ät) 
a(l+F+G)e ­b(G­H)e ­c(F+H)e , » 
u - ­ λ . (t+Ät) ­Xn(t+Ät) ­X„(t+Ät) · (ó¿) 
(1+F+G)e ­ (G­H)e ° ­ (F+H)e U 
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T w o e x p e r i m e n t s m u s t b e p e r f o r m e d : one a t a t i m e t y i e ld ing 
the t o t a l a c t i v i t y I T ( t ) and a n o t h e r a t t i m e t+Ät y i e l d i n g the 
t o t a l a c t i v i t y I (t+Ät). W h e n the f i r s t e x p e r i m e n t i s m a d e the 
t i m e t h a s p a s s e d s i n c e t h e o r i g i n d a t e t . The a b s o l u t e v a l u e 
of t i s unknown . On the o t h e r hand the Ät i s w e l l known a s the 
t i m e i n t e r v a l b e t w e e n two e x p e r i m e n t s . T h e func t ion g iven by 
eq . (32) m u s t b e c a l c u l a t e d in d e p e n d e n c e of the t i m e t for the 
known t i m e i n t e r v a l At a s p a r a m e t e r . T h i s g i v e s a g r a p h i c a l 
r e p r e s e n t a t i o n of D = f(t) wh ich i s va l i d for only one p a r a m e t e r 
At. E n t e r i n g wi th the e x p e r i m e n t a l r a t i o D = [ I _ ( t ) / I_,(t+At)l 
& r exp T Tx J e x p 
in to t h i s c u r v e y i e l d s a c e r t a i n v a l u e for the t i m e t . T h u s 
the o r i g i n d a t e t i s def ined a g a i n . 
0 o 
4 . 1 . 2 . S e p a r a t e d A c t i v i t y R a t i o 
F r o m eq . (17) a r a t h e r s i m p l e r e l a t i o n for the a g e 
d e t e r m i n a t i o n i s o b t a i n e d 
1 
Α Β 
In 1 G­R m G 1 . (33) 
w h e r e t i s t he t i m e p a s s e d s i n c e the o r i g i n d a t e t and 
95 °95 
R = R(t) i s the e x p e r i m e n t a l r a t i o of the N b and Z r a c t i v i t i e s 
m e a s u r e d a t t i m e t . In s u c h a m a n n e r a g a i n a va lue for the 
i n i t i a l d a t e t c an be o b t a i n e d , o 
4 . 1 . 3 . To ta l and S e p a r a t e d A c t i v i t i e s 
T h e m o s t s t r a i g h t f o r w a r d p r o c e d u r e can be a p p l i e d if a 
c o m p u t e r i s a v a i l a b l e . A s e t of a t l e a s t two e x p e r i m e n t a l d a t a p a i r s 
( t ime t and e . g . the to ta l a c t i v i t y I , J wi l l be n e c e s s a r y . The d a t e of 
o r i g i n t wil l then be ob t a ined f r o m the c a l c u l a t i o n of the b e s t B o 
fit t h r o u g h the a v a i l a b l e e x p e r i m e n t a l p o i n t s . Such a m e t h o d c a n 
— 17 — 
be applied to m o s t of the exp res s ions ment ioned in sect ion 3 
using immedia te ly the m e a s u r e d total or sepa ra ted ac t iv i t i e s . 
4 . 2.Activity Determina t ion 
The activi ty de te rmina t ion can be per formed with any 
sui table device for absolute or re la t ive but ca l ibra ted counting 
p rocedure . Most convenient methods a r e the 4πβ-γ coincidence 
counting ( e .g . propor t ional counter together with two Nal(Tl) 
c ry s t a l s ) and the γ - r a y counting with an efficiency ca l ibra ted 
detec tor ( e . g . Nal(Tl) c rys t a l ) . The m o s t reasonable p rocedure 
95 is to de te rmine the Zr d is in tegra t ion r a t e at t ime t of the 
95 
exper iment , Ν (Zr) , and to calcula te then the Zr dis integrat ion 
r a t e or1 act ivi ty which was available at the origin date t . 
4 . 2 . 1 . 4πβ-γ Coincidence Method 
The fo rma l i sm for the 4ττβ-ν coincidence method has 
been desc r ibed e l sewhere ' . Expres s ions for the counting ra t e s in the 
two single and the coincidence channels can be deduced on the 
b a s i s of the decay scheme shown in F ig . 1 under considerat ion 
of all possible in te rac t ions in the different de t ec to r s . In the 
e lec t ron channel, electrons from the var ious β - t r ans i t ions and 
from the in te rna l convers ion p r o c e s s e s of the different γ - r a y s 
95 95 
from the decay of Zr as well as Nb will be detected. In 
addition to these events the in te rac t ion of γ - r a y s in the electron 
detector has to be cons idered . The number of events (cor rec ted 
for background and dead t ime) in the e lec t ron detector at any 
time t is given by 
Np( t) = N p = Ν (Zr) +N 0 (Nb) ( 3 4 ) 
— 18 
wi th 
N ß (Zr) = N o ( Z r ) [ p o e + ^ 6 +p2e +p3e 1 - h 3 h 
+ V —— \ (e . ) + cc. e \ 1+ct, l 6 v , 1 e, J 1 +a. Ιχ~β'γ 
+ ­ P 2 ( 1 ­ e e J TTaT {<eßV + Vej ' P 2 ' l + 2 L ­ β ' γ 
+ P3(1"V} fïaT K V , + V« 3 ' ' ' '3 ^ β Y3 and (35) 
N 0 ( N b ) = Ν (Nb) β o LP4% + Vß5 
+ P5(l"eß J-L·^^, + V e j (36) 
H e r e p .=p(ß . ) (i=0, . . . , 5) a r e the l e v e l f e e d i n g s , a . ( i = l , 2 , 3 , 5 ) a r e 
the t o t a l i n t e r n a l c o n v e r s i o n c o e f f i c i e n t s , a n d e„ , e (εΛ ) 
β. e. β γ. 
(i = l , . . . , 5 ) a r e the ß ­ d e t e c t o r e f f i c i e n c i e s for ß " ­ p a r t i c l e s , 
c o n v e r s i o n e l e c t r o n s and γ ­ r a y s , r e s p e c t i v e l y . Ν ( Z r ) and Ν (Nb) 
95 ° 95 ° 
a r e t he r e s p e c t i v e d i s i n t e g r a t i o n r a t e s of Z r and N b . T h e 
fol lowing a s s u m p t i o n s can be m a d e in o r d e r to s i m p l i f y e q s . (35) 
and (36): <e , ε , e > = e 
ß o β ß 4 av ß a ß2 ß3 av ß b 
e e =1 (1 = 1 , 2 , 3 , 5 ) ; < a i > a v = a, < ( ε β ) γ . > & ν = ( ε β ) γ (i=2. 3, 5) . Takinj 
in to a c c o u n t t ha t Ν (Nb) = R Ν ( Z r ) , eq . (34) can be a r r a n g e d 
N ß = N o ( Z r > L ( P o + P l + P 4 R ) e ß + ( p 2 + P 3 ) £ ß K + P 5 R e ß c ; 
a b 5 
1+α. ^ Y + J {(p2+p3) ( 1 - S } + P 5 R ( 1 - e ß ) } 
+ T^{^Yl + *Jj (37) 
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In t h e γ - r a y c h a n n e l the e v e n t s a r e a l s o c o m i n g bo th 
95 95 
f r o m Z r · a n d f r o m N b d e c a y . W h e n s e t t i n g w i n d o w s 
of a d i s c r i m i n a t o r on ly on the γ - r a y p e a k s , e v e n t s a r i s i n g 
f r o m b r e m s S t r a h l u n g and X - r a y s can be n e g l e c t e d . T h e t o t a l 
n u m b e r of Y r a y s a t any t i m e t i s t h e n g iven by 
Ν γ ( ί ) = Ν γ = N ^ ( Z r ) + Ν (Nb) (38) 
wi th 
r p i p ? P* ­ï 
Ν Z r ) = Ν ( Z r ) — — e + -r— e + — ^ ­ e (39) 
γ ov Ll+ct γ l + a 2 Y 2 1+a γ J v 7' and 
P 5 Ν (Nb) = Ν (Nb) τ ­ — ­ ε . (40) 
Y ov ' 1+α5 Y5 v ' 
H e r e the s a m e n o m e n c l a t u r e h a s b e e n u s e d a s b e f o r e ; in add i t i on 
ε a r e the γ ­ r a y d e t e c t o r e f f i c i e n c i e s . A s s u m i n g tha t 
Yi . 
< ε > = e (i=2, 3, 5), and c o n s i d e r i n g the s a m e s i m p l i f i c a t i o n s 
γ^ av γ 6 r 
a s m e n t i o n e d a b o v e , eq . (38) can be r e w r i t t e n 
Ν Y 
r i Pi eY -\ 
Ν ( Z r ) e γ ~ (p_+p­ + Pc. R) + — L . (41) 
ov γ Ll+ct 2 ^3 Γ5 1+α, ε J 
1 Y 
95 In the c o i n c i d e n c e c h a n n e l a g a i n e v e n t s f r o m Z r a s 
95 we l l a s Nb d e c a y a r e c o n t r i b u t i n g to the to t a l c o i n c i d e n c e 
coun t ing r a t e . It shou ld be po in ted to the fac t t ha t t h e r e i s no 
95 c o i n c i d e n t c o r r e l a t i o n in the β ­ b r a n c h of the Z r d e c a y . At 
any t i m e t the c o i n c i d e n c e r a t e i s 
Ν (t) = Ν = Ν ( Z r ) + Ν (Nb) (42) 
C C C c 
with 
Nc(zr) = No(zr) [ T ^ H ^ + d-«^) (ερ)γ2 ?V2 } 
+ Γΐξ{εθ3%3 ^ ' " V S ^ N3}] (43) 
and 
N c ( N b ) = N o ( N b ) ^ { ε β 5 ε γ 5 + ( 1 - ε ^ ) ( ε ^ ) ^ e ^ } . (44) 
— 20 — 
With the same simplif icat ions and notations as used above 
and a l so under the a s sumpt ion that the efficiency for γ ­ r a y s 
making events both in the γ ­ r a y detector and in the e lec t ron 
detector is for all γ ­ r a y s involved s imi l a r to the γ ­ r a y 
detect ion efficiency, < ε > = ε (ι=2, 3, 5), the express ion for 
1 Y| av γ r 
the total coincidence r a t e r educes to 
b D 
+S\1 ( P2+ P3 ) ( 1-X ) + P 5 R ( 1 " V W « <45) 
Introducing the ra t io ε = Ν /Ν which can exper imenta l ly 
c γ 
b e d e t e r m i n e d , i t c a n be w r i t t e n 
NJNT (46) 
I Y - Ν 
Ν ε β 
c 
The r a t i o ε h a s b e e n u s e d in i t s e x p l i c i t l y w r i t t e n f o r m in o r d e r 
to d e t e r m i n e the e f f ic iency ε„ 
P 5 
(eß}Y 1P2+ P3+ P5 R } + ( l " ( e ß V ( { P 2 + P 3 ) e ß , + P5 R ε Β , } 
ε 
β'γ 1^ 2 r 3 ' r 5 " J x v β'γ' l .vr2' t '3 , v 'ßb r 5 " ^ ß 5 
l+e ε γ ι 
(47) 
p 2 + p 3 + P 5 R + T T a T , p l ε 
1 Y 
or ε 
Ύι ( 1 ­ ( e ß V p 5 R e ß 5 = J p 2 + v p 5 R + TÍa7 Pl 7^} 
- ( ε β } γ { Ρ 2 + Ρ 3 + Ρ 5 R } ­ ( ΐ " ( ε β ) γ ) ( Ρ 2 + Ρ 3 ) ε ρ κ ' <48> 
I n s e r t i n g eq. (48) in to eq . , ( 37 ) s h o w s tha t t he p a r t c o n t a i n i n g 
ε 0 c a n c e l s . It r e m a i n s an e x p r e s s i o n wi thou t c o n t r i b u t i o n s 
ß b 
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r e l a t e d to ε a s w e l l a s ε . F u r t h e r m o r e a l l p a r t s 
Pb P5 
with (e ) v a n i s h and eq . (37) b e c o m e s 
Ρ Y 
NB ­ No<Zr> [ < W e ß a + î ^ 7 l(eß)Y1 + a l I + ïV W 
ε 
+Tsr{Wï5R+­î^­­Pi­T^­}e + {vp + Î ^ P 5 } R ] ■ <49> 
C o m b i n i n g e q s . (46) and (49) an e x p r e s s i o n for Ν ( Z r ) i s 
o b t a i n e d 
N N 
N 0 ( Z r ) = ­ J p L · Ρ (50) 
c 
wi th 
ε 
1 γ — 1 ( Λ J-n Y l i P t 
Ρ ε 
­ 1 f 1+α τ1 \ , ^5 _ , ν 
_Τ*Γ\Ρ2+Ρ3 + ΙΤτΓ Ρ1 Τ " Ι ε +ΪΤα- R ε + ( Ρ ο + Ρ 1 } ε | ο Γ1' β ι γ a 
1 1 a 
or 
= - Γ A ε + B R ε + C + D R l . (51) _1_ Ρ 
T h e c o n s t a n t s A , B , C, and D c o n t a i n only the d e c a y p r o p e r t i e s 
( s e e F i g . l ) and the q u a n t i t i e s ε β , ε / ε , a n d (ε ) which 
d e p e n d on t h e e x p e r i m e n t a l c o n d i t i o n s a n d wh ich h a v e to be 
m e a s u r e d o r e s t i m a t e d . The ε = Ν / Ν i s an e x p e r i m e n t a l 
c γ 
r e s u l t w h i c h can be d e t e r m i n e d r a t h e r a c c u r a t e by long t e r m coun t ing . 
95 
On the o t h e r hand i t i s ev iden t t ha t the Z r a c t i v i t y c a n no t 
— 22 
be t a k e n i m m e d i a t e l y f r o m the r a t i o NJNT / Ν , due to i t s 
' β Y c 
d e p e n d e n c e on R = R ( t ) . T h u s i t i s n e c e s s a r y to know f i r s t 
the o r i g i n d a t e t in o r d e r to be a b l e to c a l c u l a t e R( t ) for 
the d a t e of the m e a s u r e m e n t . On ly then t h e Ν ( Z r ) c a n be 
d e t e r m i n e d a c c o r d i n g to eq . (50) . 
4 . 2 . 2 . Y­Ray S p e c t r o m e t e r M e t h o d 
T h e u s e of a γ ­ r a y d e t e c t i o n d e v i c e a l l o w s a t r e a t m e n t 
w h i c h i s s i m p l e r t han t h a t d e s c r i b e d in the p r e c e e d i n g s e c t i o n 
for the 4 π β ­ γ c o i n c i d e n c e coun t i ng . H o w e v e r i t p r e s u m e s t h a t 
i t s d e t e c t i o n e f f i c i ency a s a func t ion of the photon e n e r g y i s known 
f r o m f o r m e r c a l i b r a t i o n s . B u t t h e n i t o f fe r s a s e c o n d i n d e p e n d e n t 
m e t h o d for the a c t i v i t y d e t e r m i n a t i o n . The to t a l photon s p e c t r u m i s 
c o m p o s e d of X ­ r a y s , γ ­ r a y s and b r e m s s t r a h l u n g q u a n t a . When 
17) u s i n g an i n t e g r a l coun t ing m o d e wi th a N a l ( T l ) γ ­ r a y s p e c t r o m e t e r 
95 95 
a t any t i m e t t he to t a l r a t e of Z r a n d N b pho tons i s g iven by 
wi th 
and 
V ( t ) = V ( Z r ) + V N b ) (52) 
N p h ( Z r ) = N x ( Z r ) + N ^ ( Z r ) + N ß S ( Z r ) (53) 
N p h ( N b ) = N x ( N b ) + N^(Nb) + N B S ( N b ) (54) 
A s s u m i n g tha t only K X ­ r a y s have to b e c o n s i d e r e d in the 
e x p e r i m e n t , due to t h e c o m p l e t e a b s o r p t i o n of the X ­ r a y s f r o m 
L and h i g h e r s h e l l s i n a s u i t a b l y c h o s e n a b s o r b e r , t hen e q s . ( 5 3 ) 
and (54) b e c o m e 
Γ P l P 2 + P 3 Γ P l P 2 + P 3 1 
V ( Z r ) = No<Zr> t í*­ \ + TST S + ÍTr^ «K^TST ακΙ *κεχκ 
+ T ¿ T {(1 ­εΥι ) + *Κ V1 "vtas . + T ^ {(1 ­ S ' V K ' 1 ^X^^BS >3a) 1 1 1 xS. 1 is. 
— 23 
and 
r PK P K ' PC N p h ( N b ) = N o ( N b ) [ ­ £ . e + TL q^ Ug­e +1^r{(l..Y) + o ^ l . « J ε γ I T U -Γ»- -Γ*· - Λ . „ A T U . ν. γ ΧΛ. r». A*-- 1 ^ ^ i r -
H e r e the s a m e n o m e n c l a t u r e h a s b e e n u s e d a s in t h e p r e c e d i n g 
s e c t i o n . In o r d e r to o b t a i n t h e s e e q u a t i o n s t h e fo l lowing a s s u m p t i o n s 
h a v e b e e n u s e d for s i m p l i f i c a t i o n : 
<ct.> = a, < a , , > = a „ and <ε > = ε for i = 2 , 3 , 5, i av K. a v Κ γ . a v γ ι ι ' 
< 6 Χ J ^ a v = e X ' < U , K ( l ) > a v = ^ Κ f ° r 1 = N b ' Μ ° " *Κ Í S t h e κ. is. 
Κ •shel l f l u o r e s c e n c e y i e ld , ε κ ς a r e the b r e m s S t r a h l u n g e f f i c iency 
1 Ρ 2 + Ρ 3 Γ f Ì Ί Γ P l Ρ 2 + Ρ 3 
Q = Τ Τ ^ ί ε γ + Ι(1-εγ) +aKu,K(1-eXK)J eBsJ+U,KLT+^1 \ + T^~ α 
(54a) 
for the ì - t h t r a n s i t i o n , <€__, > = ε__, fo r ι = 2, 3 . A l l e v e n t s B S . av BS ι 
w h e r e a b r e m s s t r ah i ung q u a n t u m wi l l b e fo l lowed by a n A u g e r 
e l e c t r o n o r a n X - r a y f r o m the L o r h i g h e r s h e l l s c a n b e n e g l e c t e d . 
T h e i r c o n t r i b u t i o n to the t o t a l coun t ing r a t e h a s b e e n e s t i m a t e d 
-4 95 95 
to b e l o w e r t han 10 . U s i n g the a c t i v i t y r a t i o R for N b and Z r 
eq . (52) can be r e w r i t t e n a s 
N ( Z r ) = Q · N . (t) (55) 
o ph 
wi th 
J! 
Ί+Œj 
χκ' 
c» 
J fcBS_ 
e B S l ! 
, U J K L l + a , 
p 5 
1+α ] γ , Lv y ' ~K.~K* X 'J S . J +α Κ Κ Χ__ 
1 1 1 xS. 1 ÍS. 
+ R ife [εγ + {(1 "V + W 1 "εΧτ, } } e B S r ] ' <56> 
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Besides the t ime dependent ra t io R = R(t) the factor Q contains 
only decay p r o p e r t i e s which can be taken from F ig . 1 and 
efficiencies which depend on the exper imenta l condit ions. In 
the case of using a ca l ib ra ted detection device the efficiencies 
a r e known. The act ivi ty N (Zr) can then be de te rmined as soon 
as the date of or igin t i s known, because this i s needed for 
o 
the calculat ion of the ra t io R. 
5. Expe r imen ta l P r o c e d u r e of Cal ibra t ion 
95 /95 As an example the t r e a tmen t of a Z r / Nb solution 
will be desc r ibed which has been s tandard ized on r eques t of the 
CEN/SCR, Mol, Belg ium. The m e a s u r e m e n t s have been per formed 
with an efficiency ca l ib ra ted Nal(Tl) γ - r a y s p e c t r o m e t e r , a 4πβ-γ 
coincidence a r r a n g e m e n t and a Ge(Li) γ - r a y de tec to r . The a im was 
the p r e p a r a t i o n of a se t of ampoules filled with solutions containing 
95 amounts of Z r of known act iv i t ies between 2 and 50 μΟί. F r o m 
γ - r a y m e a s u r e m e n t s pe r fo rmed during seve ra l days it could be 
st es t imated that on 1 ' F e b r u a r y 1972 the age of the radioact ive 
m a t e r i a l was about 25 days and i ts total act ivi ty about 425 μΟί /^ . 
5 . 1 . Sources and Solutions 
The p repa ra t ion of sou rces and solutions has been c a r r i e d 
18) out according to the p rocedures descr ibed e l sewhere . The special 
scheme for the p repara t ion of dilutions and sources for this cal ibrat ion 
i s given in F ig . 3 . F r o m a p r i m a r y so lu t ion of 2 .7 ml two quali tat ive 
sou rces have been p repa red by pipetting a known amount on thin 
polyethylene foils, which were put(af ter drying) into smal l Al 
con ta ine r s . In addition three secondary solutions of different dilution 
have been made by adding a solvent of 0.01M oxalic acid in 2M n i t r i c 
acid. One of them (Bl) has been taken a s r e s e r v e whereas the two 
o thers (B2, B3) have been further diluted by adding different amounts 
of solvent. The amounts of solution and solvent used for the p repara t ion 
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B l 
0 . 2 g A + 10g s o l v . 
t o t . a c t . : 8 . 3 μ Ο ί / ^ 
D F : 50 . 1 2 / 5 0 . 12 
1 a m p . :5g ( r e s e r v e ) 
r e s t : 5 , 2 g 
" N 
A 
2 . 7 g 
t o t . a c t . : 4 2 5 μ Ο ι ^ 
2 s o u r c e s : 1 5 , 30μΟΐ 
d r o p d e p . , A l - c o n t . 
B2 
0 . 6 g A + 3 5 . 4 g s o l v . 
t o t . a c t . : 7 . ^ C i / g 
D F : 4 2 . 7 6 / 4 2 . 7 6 
6 a m p . :4 . 8 - 5 . 2g 
6 q u a n t , s o u r c e s onto 
A u - c o a t e d VYNS fo i l s 
r e s t : 4 . 5g 
C21 
l g B2 + 1 1 . 5g s o l v . 
t o t . a c t . :0 . 5 7 μ Ο ϊ ^ 
D F : 12 . 1 1 / 5 1 7 . 8 
2 a m p . : e a c h 5g 
r e s t : 2 . 5g 
B3 
1. 5g A + 10g s o l v . 
t o t . a c t . : 5 5 . 4 μ Ο ί ^ 
D F : 8 . 5 5 / 8 . 5 5 
1 a m p . : 5g ( r e s e r v e ) 
r e s t : 6 . 5 g 
C3 
6 . 5 g B3 + 18 . 5g s o l v . 
to t . a c t . : 1 4 . ^ C i / g 
D F : 3 . 7 2 / 3 1 . 8 1 
2 a m p . : e a c h 5g 
r e s t : 15g 
J_ 
D311 
7 . 5g C31 + 7 . 5g so lv . 
t o t . a c t . : 7 ^ C i / g 
D F : 1 . 9 8 / 6 2 . 9 8 
1 a m p . : 5g 
5 q u a n t , s o u r c e s onto 
A u - c o a t e d VYNS foi ls 
r e s t : 10g 
E3111 
6g D311 + 9g s o l v . 
t o t . a c t . : 2 ^ C i / g 
D F : 2 . 4 6 / 1 5 4 . 9 
2 a m p . : e a c h 5g 
r e s t : 5g 
95 /95 
F i g . 3 : D i l u t i o n s c h e m e for the c a l i b r a t i o n of Z r / N b . 
A : o r i g i n a l βο ΐμ ί ϊοη ; B , C, D, E : c o n s e c u t i v e d i lu t i on s t e p s ; 
s o l v e n t : 0 . 0 1 M oxa l i c ac id in 2 M n i t r i c a c i d ; D F : d i lu t ion 
f a c t o r def ined a s the r a t i o of w e i g h t s of a c t i v e so lu t i on 
p lus s o l v e n t and a c t i v e so lu t i on a l o n e ( f i r s t f i g u r e r e f e r s to 
p r e c e d i n g so lu t ion , t he s e c o n d one to the m a s t e r s o l u t i o n A ) . 
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of the d i l u t i o n s w e r e d e t e r m i n e d by w e i g h i n g . The d i lu t i on 
f a c t o r s a r e de f ined a s the r a t i o of w e i g h t s of the a c t i v e 
s o l u t i o n p lus s o l v e n t and t h e a c t i v e s o l u t i o n a l o n e . T h e y a r e 
c h o s e n i n s u c h a m a n n e r t h a t f i r s t l y a l l s o l u t i o n s of r e q u e s t e d 
a c t i v i t i e s cou ld be o b t a i n e d a n d t h a t s e c o n d l y in bo th b r a n c h e s 
a t d i f f e r e n t d i l u t i on s t e p s ( e . g . B2 and D 3 1 l ) s o u r c e s of s i m i l a r 
s t r e n g t h cou ld b e p r e p a r e d for the s t a n d a r d i z a t i o n by 4 π β - γ 
c o i n c i d e n c e and γ - r a y c o u n t i n g . T h u s , f r o m the d i f f e r e n t s e t s 
of s t a n d a r d i z a t i o n r e s u l t s t h e s p e c i f i c a c t i v i t y of the m a s t e r 
s o l u t i o n c a n be d e d u c e d by a p p l y i n g the d i f f e r e n t w e l l known 
d i lu t ion f a c t o r s . 
5 . 2 . D e t e r m i n a t i o n of I m p u r i t i e s 
F r o m t h e b e g i n n i n g of the i n v e s t i g a t i o n d u r i n g a p e r i o d 
of 4 m o n t h s the γ - r a y s p e c t r u m h a s b e e n m e a s u r e d r e g u l a r l y 
wi th a Ge(L i ) d e t e c t o r . In t o t a l 12 m e a s u r e m e n t s have b e e n m a d e . 
In the s p e c t r a a s e r i e s of γ - r a y s cou ld b e i den t i f i ed a r i s i n g f r o m 
the d e c a y s of 1 8 1 H f ( T . / , = 4 4 . 5d; E = 0 . 1 3 3 , 0 . 3 4 6 , 0 . 4 8 2 MeV 1 9 \ 
175 ' 19ίΎ 60 
Hf (T . / , = 70d; E = 0 . 3 4 3 MeV y' and Co ( T . / , = 5 . 2 8 y; i / ¿ Y i g ) i / ¿ 
E = 1 .173 , 1 .332 MeV ). The i n t e n s i t i e s of t h e s e i m p u r i t i e s 
Y 95 
h a v e b e e n d e t e r m i n e d r e l a t i v e to the Z r a c t i v i t y a t e a c h d a t e of 
e x p e r i m e n t . R e f e r r i n g t h e m to the da t e of o r i g i n t t h e r e w e r e 
r e l a t i v e to the 9 5 Z r a c t i v i t y : ( 1 . 0 + 0 . l ) % 1 8 1 Hf, ( 1 . 5 + 0 . 3 ) % 1 7 5 H f 
and ( 0 . 0 0 8 + 0 . 0 0 1 ) % Co . The g iven e r r o r s a r e o n e ­ s t a n d a r d 
d e v i a t i o n s (1σ). 
In a d d i t i o n to t h e s e i m p u r i t i e s due to f o r e i g n i s o t o p e s 
the p o s s i b l e p r e s e n c e of a n " i n t r i n s i c i m p u r i t y " h a s to be c o n s i d e r e d . 
Depend ing on the o r i g i n of the r a d i o a c t i v e m a t e r i a l a n d on the 
c h e m i c a l p r o c e s s i n g i t can h a p p e n t h a t a t t i m e t a c e r t a i n a m o u n t 
95 95 ° 
of genu ine N b e x i s t s b e s i d e the Z r a c t i v i t y . The r a d i a t i o n f r o m 95 t h e s e Nb i s o t o p e s can not be d i s t i n g u i s h e d f r o m t h a t e m i t t e d by 
95 95 
Nb n u c l e i o r i g i n a t i n g in the Z r d e c a y . A n i d e n t i f i c a t i o n of s u c h 
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95 a poss ib le or iginal Nb admix tu re can only be m a d e by m e a s u r i n g 
the total act ivi ty as a function of t ime and by compar ing i t with 
theore t ica l functions calculated under the assumpt ion of different 
95 amounts of genuine Nb. Total act ivi ty m e a s u r e m e n t s per formed 
with the Nal(Tl) γ - r a y s p e c t r o m e t e r during a t ime per iod of 3 months 
95 showed that an eventual Nb admix tu re at the or igin had to be 
+0 2 s m a l l e r than (0.1 ' , ) % , and can be taken to be ze ro for this 
study. 
5 . 3 . Age Determinat ion 
In the case of using the Nal(Tl) γ - r a y spec t rome te r , 
the in tegra l number of events counted and co r r ec t ed for impur i t i e s , 95 /95 background and dead t ime, is propor t ional to the total Z r / Nb 
act ivi ty . Two quali tat ively p r epa red sources have been m e a s u r e d 
both under two different geomet r i ca l condit ions. Within four months 
a s e r i e s of 17 m e a s u r e m e n t s have been per formed for each of 
the ment ioned exper imenta l s e t s . The p rocedures descr ibed in 
sect ion 4 . 1 . 1 . have been applied to combinations of act ivi t ies l(t.) 
m e a s u r e d at t ime t. and l(t, ) m e a s u r e d at t ime t, under considerat ion 
of the condition 11. - t j > 20 d. Most of the cor rec t ions applied a r e 
dependent on the t ime when the exper iment was executed. A typical 
value for the co r rec t ion of dead t ime l o s s e s was about 0 .4% with 
an e r r o r of 5% and that of background was 1% with an e r r o r of 
3 % . A factor of 0.985 allowed for the impur i t i e s and had an 
e r r o r of 0 . 3 % . The reproducibi l i ty of the sys tem caused an e r r o r 
2 1 / 2 of 0 .2%. In total an expe r imen ta l sys temat ic e r r o r of (ΣΔ. ) = + 0.36% 
(Δ. being the individual e r r o r s ) could be a t t r ibuted to the co r r ec t ed 
counting r a t e s . 
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In a s imi l a r manne r the exper imenta l r e s u l t s of the 
4nR-y coincidence counting have been t r ea ted . The exper imenta l ly 
de te rmined ra t io N N /Ν , co r r ec t ed for impur i t i e s , background, 
accidental coincidences and dead t ime is propor t ional to the total 
95 ,95 
Z r / Nb act ivi ty . The factor of propor t ional i ty is constant 
within 0 . 1 % for all m e a s u r e m e n t s which have been per formed 
between 40 and 80d from t . Seven sources have been m e a s u r e d 
o 
at 4 different da t e s . The combinations of the total ac t iv i t ies again 
have been t r ea ted following the p rocedure of section 4 . 1 . 1 . 
consider ing the condition | t. - t | > lOd. The following c h a r a c t e r i s t i c 
values could be a s sumed for the calculation of e r r o r s : the cor rec t ion 
for dead t ime was about (0.5 + 0.03)%. The background in the γ - r a y 
channel is 1%, that in the e lec t ron channel 0 . 0 1 % and that in the 
coincidence channel 0 .02%, each with a re la t ive e r r o r of 10%. 
Impuri ty co r rec t ions contributed 0.16% and accidental coincidences 
(0.6 + 0 .03)%. The reproducibi l i ty of the sys tem introduced an 
e r r o r of 0 . 1 % . Thus, a typical value for the exper imenta l sys temat ic 
2 1 /2 e r r o r on the ra t io NJM /N is (Σα.) ' = + 0 .2% (Δ. as above). β γ c 1 - 1 
Using the Ge(Li) detector of known re la t ive detection 
efficiency in total 18 m e a s u r e m e n t s with two sources yielded a 
corresponding number of activity ra t ios R = R(t) (see eq. (12)). As 
descr ibed in section 4. 1.2. immedia te ly from eq. (33) the age of 
the radioact ive m a t e r i a l could be de te rmined . The de termina t ion of 
the re la t ive peak a r e a s co r r ec t ed for background and impur i ty 
contributions has been per formed with an IBM 1800 computer . The 
e r r o r introduced by this procedure is adopted to be 0 . 5 % . A typical 
dead t ime cor rec t ion was 2% with an e r r o r of 10%. The e r r o r due 
to the influence of the re la t ive efficiencies has been es t imated to 
2 I / 2 be 0 .4%. Final ly a sys temat ic e r r o r of (Σα.) = + 0.67% could 
be given on the activity ra t io R (Δ. see above). 
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The s t ra igh t forward method ment ioned in sect ion 4 . 1 . 3 . 
has been applied to the exper imenta l data m e a s u r e d with a l l 
th ree devices (Nal(Tl) and Ge(Li) de tec to r s and 4πβ­γ coincidence 
\ 95 /95 
appa ra tus ) . These r e s u l t s a r e propor t ional to the total Z r / Nb 
95 95 
activi ty (eq. (11)). F u r t h e r m o r e the ra t io of the Nb and Zr 95 ac t iv i t ies (eq. (12)) and that of Zr and total ac t iv i t ies (eq. (14)) 
as m e a s u r e d with the Ge(Li) de tec tor have been used . The calculat ions 
have been executed with an IBM­1800 computer using a fitting 
20Ì p r o g r a m (ORGLS) given by BUSING and LEVY ' . The sys temat ic 
exper imenta l e r r o r s a r e the s ame as d i scussed above in connection 
with the different counting dev ices . 
In addition to the ment ioned exper imenta l sou rces of e r r o r , 
the uncer ta in t i e s of the decay p rope r t i e s enter ing the calculat ions 
will a lso contr ibute to the final e r r o r . It has been calculated that 
for the two methods desc r ibed in sect ion 4 . 1 . 1 . an e r r o r of 
r e spec t ive 0.14% and 0.34% has to be cons idered . F o r the procedure 
ment ioned in sect ion 4 . 1 . 2 . the e r r o r contribution will be 0 . 0 8 % . 
When using the computer fitting method (see sect ion 4 . 1 . 3 . ) the 
cor responding e r r o r contr ibut ions a r e 0.54%, 0 .89%, and 0.54% 
when using the eqs . ( I l ) , (12), and (14), r e spec t ive ly . The final 
total e r r o r on the date of origin will be composed of the s tandard 
e r r o r (s) and the sys temat ic e r r o r s (δ) of the individual r e s u l t s . 
In Table I the exper imenta l r e su l t s for the age de terminat ion and 
their e r r o r s have been collected. The mean value for the date of 
origin t i s the January 10, 1972 at 18h + 12h. It has been calculated 0 o 
using the r ec ip roca l s of the squared total e r r o r s on the individual 
r e su l t s as weights . The given e r r o r co r re sponds to the mean of 
the individual total e r r o r s . 
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Table I : Exper imen ta l r e s u l t s for the age de te rmina t ion 
Detector Text Refe rence n*' t [ d ] ' s [ d ] ° ' δ [d] ' Lt^d]6' or igin date t 
Nal(Tl) 
4πβγ 
Nal(Tl) 
4πβγ 
Ge(Li) 
Nal(Tl) 
4πβγ 
Ge(Li) 
sect ion 4.1 .1 
1. method 
sect ion 4 . 1 . 1 
2. method 
sect ion 4 . 1.2, 
sect ion 4 . 1.3, 
115 50.100 0.040 0.266 0.305 10-01-72, 21h36' 
41 50.642 0.090 0.160 0.250 10-01-72, 08h36' 
120 49 .651 0.049 0.362 0.411 11-01-72, 08h23' 
41 50.123 0.093 0.257 0.350 10-01-72, 21h03' 
16 50.707 0.151 0.422 0.573 10-01-72, 07h02' 
4 49 .690 0.115 0.462 0.577 11-01-72, 07h26' 
7 50.212 0.103 0.361 0.464 10-01-72, 18h55' 
8 49 .755 0.217 0.665 0.882 11-01-72, 05h53' 
a) 
number of r e su l t s (combinations, m e a s u r e m e n t s ) 
b) 
c) 
d) 
e) 
t = t , - t ; t, = 01-03-72, 0-OhOO'; t = date of origin l o l o 
s tandard e r r o r s = [Σ Ι t. -t | / n ( n - l ) ] ' 
sum of sys temat ic e r r o r s due to the exper imenta l conditions and 
the uncer ta in t i es of the decay p roper t i e s 
total e r r o r on t : At = s + δ 
5 .4 . Activity Determinat ion 
F o r the m e a s u r e m e n t s with the 4πβ-γ coincidence a r r a n g e m e n t 
seven quanti tat ively p repa red sources have been used each at four 
different t imes t (see Table II). T h e m a s s e s of the radioact ive m a t e r i a l 
deposited onto VYNS foils coated with Au on both s ides , with a total 
thickness of about 50μg/cm , were between 0.24499 and 0.46323mg of the 
p r i m a r y solution (see Fig . 3). The r a t e s in the different counting channels have 
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been c o r r e c t e d for background, dead t ime, impur i t i e s and 
accidenta l co inc idences . With the knowledge of the or igin date 
t the ra t ios R(t) have been calculated according to eq. (12) for 
each m e a s u r i n g t ime . Using these calculated R values and the 
exper imen ta l r a t ios for ε = N /N the factor Ρ could be obtained 
r c γ 
from eq. (51). The var ia t ion of R and Ρ with the m e a s u r i n g t ime 
t is shown in Table II. The product (1+R)-P is a m e a s u r e of the 
Table II : Exper imen ta l conditions for the act ivi ty de terminat ion 
by 4ττβ-γ coincidence counting (example for 1 source) 
t [d ] R Ρ (1+R) Ρ 
43 .889 0.716094 0.574909 0.986598 
51.891 0.819277 0.542598 0.987136 
62.887 0.949581 0.506638 0.987732 
77.853 1.107569 0.468975 0.988397 
95 95 
radioact ive equi l ibr ium between the Zr and Nb act ivi t ies and 
tends to be unity in the l imi t of very g r ea t t ime t. As (1+R) Ρ 
95 /95 de t e rmines d i rec t ly as factor the total Z r / Nb activity it m u s t 
be calculated carefully for all m e a s u r e m e n t s with t < 400d. F r o m 
95 eq. (50) the Zr act ivi ty at the m e a s u r i n g t ime is obtained. By 
95 applying the decay t ime cor rec t ion the or iginal Zr act ivi ty at 
t ime t will be o 
Ι (4πβ-γ 9 5 Z r , t ) = (13353 + 76) d p s / m g 
= ( 0.3609+0. 0021 ^ C i / m g . 
The e r r o r is the square root of the sum of the squared individual 
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e r r o r s on N N /N (0.18%), P(0 .5%) weight W (0.08%), 
impur i ty (0.16%) and decay co r r ec t ion (0. 1%). 
The m e a s u r e m e n t s with the efficiency ca l ibra ted 
Nal(Tl) γ - r a y s p e c t r o m e t e r have been made with eleven 
quanti tat ively p r epa red sou rces including those used for the 
4πβ-γ coincidence counting. The radioact ive m a t e r i a l (between 
0.24498 and 0.46323 mg of the p r i m a r y solution, see F ig . 3, 
dilution B2 and D31l) has been deposi ted onto Au coated VYNS 
foils with a total th ickness of about 50μg/cm . In total 14 m e a s u r e ­
men t s w e r e pe r fo rmed at two dates and under th ree different 
geomet r i ca l condit ions. The total counting r a t e s have been co r r ec t ed 
for background, dead t ime and i m p u r i t i e s . After calculat ion of 
the ra t io R(t) according to eq. (12), the factor Q (eq. (56)) could 
be de te rmined using the decay p rope r t i e s and the known detection 
efficiencies of the Nal(Tl) c r y s t a l . F r o m eq. (55) follows then the 
95 
Zr activity at the m e a s u r i n g t ime t. At the origin date t the 
95 ° 
Zr activity is 
I (Nal(Tl), 9 5 Z r , t ) = (13308 + 83 ) d p s / m g 
= ( 0.3597+0. 0 0 2 2 ^ C i / m g . 
The e r r o r is composed as in the preceeding case by the individual 
e r r o r s on Ν , (0 .2%), Q including the efficiency (0 .5%), weight W 
(0.08%), impur i ty (0.3%) and decay co r rec t ion (0 .03%). 
95 Both r e su l t s for the original Zr activity obtained from 
two independent exper imen t s ag ree within 0 .35%. As both methods a r e 
of s imi l a r a ccu racy no pre fe rence should be given to one of them. 
95 As the final r e su l t for the specific activity of Zr at the origin 
date t a mean value can be given: 
o ° 
I (t ) = (13331 + 56) d p s / m g = (0.3603 + 0. 0 0 1 5 ^ C i / m g . 
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The reques ted s tandard ized solutions have been p repa red 
by filling an amount of 5ml with a pipette into g lass ampoules . 
It i s c lea r that the filling of the ampoules by such a vo lumet r ic 
methods leads to sma l l differences of the l iqu id- leve l . Using a 
Nal(Tl) γ - r a y s p e c t r o m e t e r this effect causes differences in geomet ry 
and consequently in the final detect ion efficiency and hence in the 
total act ivi ty . In o rde r to c o r r e c t for such a volume influence a 
s e r i e s of ampoules has been filled with var iab le amounts of solution 
(4.8 to 5.2 ml, see F ig . 3, B2) of the s ame dilution allowing to n o r m a l i z e the 
r e su l t s on one fixed volume ( e . g . 5.0 m l ) . On the.other hand the ac t iv i t ies 
of the solutions a r e de te rmined g rav ime t r i ca l l y . F r o m the exact 
weights of the amount of liquid, the specific act ivi ty of the p r i m a r y solution 
( Zr ac t iv i ty /mg a t t ) and the dilution fac to r s , the total activity 
contained in each of the ampoules can be deduced. In such a manner 
95 
Zr act iv i t ies between 3 .6 and 58 .8 μΟί (at t ) have been obtained. 
The e r r o r s on these ac t iv i t ies a r e composed of those on the p r i m a r y 
activi ty (0.42%), on the weighing (0.08%) and on the dilution factors 
(0 .01%). 
95 /95 6. Determinat ion of Z r / Nb Decay P r o p e r t i e s 
The values of the decay p rope r t i e s enter ing the s tandardizat ion 
calculat ion could be taken unambiguously from the l i t e r a t u r e . No ser ious 
d i s c r epanc i e s exist between different publ icat ions. Consequently the re 
was no need to ini t ia te a complete m e a s u r i n g p r o g r a m for the r e d e t e r ­
minat ion of any of them. However from the exper imenta l work for 
the p re sen t ca l ibra t ion a s e r i e s of m e a s u r e m e n t s could be used in 
95 /95 o rde r to obtain some information on the p rope r t i e s of the Z r / Nb 
decay. The half l ives of the nuclides involved as well as the β -branching 
in tens i t ies have been deduced. 
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6. 1. Half-l i ve s of 9 5 Z r and 9 5 N b 
95 
The half-l ife of Zr has been de te rmined from m e a s u r e ­
men t s with the Ge(Li) de tec to r . The number of pulses summed up 
over the peaks within always the same l imi t s have been defined as 
a m e a s u r e of the in t ens i t i e s . Thus, the peaks of the γ_ - and γ , -
r ays (see F ig . l ) w e r e followed during a per iod of 135 days . The 
re la t ive geomet ry (distance and position) between the sources and 
the detector and the e lec t ron ic conditions have been kept well 
defined and stable for al l runs pe r fo rmed at different t i m e s . After 
considera t ion of pulses due to background, higher energet ic γ - r a y s 
and impur i t i e s all calculat ions have been executed with an IBM-1800 
computer . The reproducib i l i ty was be t te r than 0 . 3 % as checked with 
the peak in tens i t ies of the Co γ - r a y s . The s ta t i s t i ca l counting 
e r r o r s w e r e always be t t e r than 0 . 2 % . The r e su l t s of 19 runs yielded 
a half-l ife of 64. lOd for the γτ,-ray and 64.28d for the γ - r a y . The 
mean value is 64.2d with an e r r o r of 0 .6%. The e r r o r is composed 
of the s tandard e r r o r (0.25%) and the sys temat ic ones (0 .35%). The 
r e su l t obtained as a by-produc t i s not ve ry accu ra t e , but points to 
95 an ag reemen t with the Zr half-life used in the course of this 
s tandardiza t ion . 
95 The half-l ife of Nb has been m e a s u r e d with sources which 
original ly were used for the efficiency cal ibrat ion of the Nal(Tl) c rys ta l , 
An extended study on 4 sou rces and different exper imenta l conditions 
has been per formed during a period of 95 days . Resu l t s obtained by 
4ττΡ-γ coincidence counting as well as γ - r a y s p e c t r o m e t e r counting a r e 
avai lable . A mean value of 35. Od has been calculated, to which an 
es t imated e r r o r of 0 . 3 % should be a t t r ibuted . The final evaluation of 
the m e a s u r e d data is yet in p r o g r e s s . Espec ia l ly the influence of a 
ge 
95 
95 genuine Zr admixture and i ts consequent production of an additional 
Nb amount has to be considered carefully. A rough es t imat ion 
— 35 
indica tes the tendency to lower sl ightly the above ment ioned r e su l t . 
This fact emphas i zes that the a g r e e m e n t between the half­l ife of 
95 
Nb de te rmined actual ly and that one used in the p r e s e n t s tandardizat ion 
is jus t at a to le rab le l imi t . 
95 6 . 2 . β ­Branch ings of Z r 
The in tens i ty of t h r ee β ­ t r ans i t ions (β.., β_ and β ) have 
been deduced from the cor responding γ ­ r a y s m e a s u r e d with the 
Ge(Li) de tec tor and the theore t i ca l i n t e rna l convers ion coefficients 
F o r that purpose the following re la t ions have been used 
p(ß0) + P ( ^ ) + Ρ (02) + P(P 3 ) = ι 
Νγ_ = N o p(ß. ) ( l ­ x . ) e with (i = 1,2,3) . 
Ν a r e the counting r a t e s summed over the i ­ th γ ­ r a y peak 
'i c o r r e c t e d for dead t ime, background and impur i ty ; Ν is the d i s ­
o in tegra t ion r a t e ; p(ß.) a r e the β ­b ranch ings ; κ. and ε a r e the 
ι ι γ^ 
in t e rna l convers ion probabil i ty and the photopeak efficiency (including 
the solid angle) for the i ­ th γ ­ r a y , r espec t ive ly . When using ra t ios 
of the different γ ­ r a y counting r a t e s it can be shown that the d i s ­
in tegra t ion r a t e , Ν , cancels and that only the re la t ive efficiencies 
of the Ge(Li) de tec tor have to be known. Under the assumpt ion that 
ρ(β ) = 0 .4% the following mean r e su l t s have been obtained from 
11 different runs : p(B ) = (1.4 + 0.2)%, ρ(β ) = (44.5 + 0.5)% and 
ρ(β,) = (53.7 + 0 .6 )%. The given e r r o r s a r e the s tandard e r r o r s plus 
the sys temat ic ones ( 4 . 1 % + 10%, 0 .4% + 0 .7% and 0.4% + 0 .7%, 2 1 / 2 respec t ive ly) . The sys temat ic e r r o r s a r e composed as (ΣΔ.) ' with 
par t ia l e r r o r s Δ. due to dead t ime (0.2%), peak evaluation (0.5 ­ 5%) 
and re la t ive efficiencies (0.4 ­ 5%). The ag reemen t of these r e su l t s 
with the β ­ t rans i t ion in tens i t ies adopted for the s tandardizat ion is 
very sa t i s fac tory . 
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